Box C/D snoRNPs, factors essential for ribosome biogenesis, are proposed to be assembled in the nucleoplasm before localizing to the nucleolus. However, recent work demonstrated the involvement of nuclear export factors in this process, suggesting that export may take place. Here we show that there are distinct distributions of U8 pre-snoRNAs and pre-snoRNP complexes in HeLa cell nuclear and cytoplasmic extracts. We observed differential association of nuclear export (PHAX, CRM1, and Ran) factors with complexes in the two extracts, consistent with nucleocytoplasmic transport. Furthermore, we show that the U8 pre-snoRNA in one of the cytoplasmic complexes contains an m 3 G cap and is associated with the nuclear import factor Snurportin1. Using RNA interference, we show that loss of either PHAX or Snurportin1 results in the incorrect localization of the U8 snoRNA. Our data therefore show that nuclear export and import factors are directly involved in U8 box C/D snoRNP biogenesis. The distinct distribution of U8 pre-snoRNP complexes between the two cellular compartments together with the association of both nuclear import and export factors with the precursor complex suggests that the mammalian U8 snoRNP is exported during biogenesis.
TGS1
) and mediates the maturation of the snoRNP. The U3 pre-snoRNP was also associated with export factors, namely, the phosphorylated export adaptor PHAX, the cap-binding complex, Ran, and the exportin CRM1 as well as the nucleocytoplasmic shuttle protein Nopp140 (5, 52) . PHAX and CRM1 bind sequentially to the U3 pre-snoRNP and are required for Cajal body and nucleolar localization, respectively (5) . In addition, PHAX is required for the maintenance of snoRNA levels, suggesting that this protein is also involved in snoRNP assembly (5, 52) .
The m 3 G-capped U1, U2, U4, and U5 snRNAs, which are key components of the pre-mRNA splicing machinery, are associated with the seven core Sm proteins. The snRNAs are transcribed by RNA polymerase II, and the initial precursor contains an m 7 G cap and a short 3Ј extension that is processed to form the mature RNA (55) . In the nucleus, the nascent pre-snRNA is bound by a series of export factors, namely, the cap-binding complex, PHAX, CRM1, and Ran (19, 55) . This complex is rapidly exported to the cytoplasm, where GTP hydrolysis by Ran results in the release of CRM1 and Ran (22) . Dephosphorylation of PHAX and the binding of the import factors importin ␣ and importin ␤ to the cap-binding complex result in release of the remaining export factors (12, 33) . In the cytoplasm, the core Sm proteins are assembled onto the snRNA, an event mediated by the SMN complex (8, 14) . This in turn is a prerequisite for processing the 3Ј extension and hypermethylation of the m 7 G to an m 3 G cap by TGS1. The assembled Sm core and the modified cap then function as independent nuclear localization signals for the subsequent reimport of the mature snRNP into the nucleus (55) . The m 3 G cap is recognized by Snurportin1, an import adaptor that interacts with importin ␤ (16). The Sm core-mediated import is linked to the nuclear import of SMN; however, the import adaptor has yet to be identified (28) . After import, the snRNP complex localizes first to the Cajal body, where the RNA is modified, before localizing to the splicing speckles from where the complexes are recruited to sites of active splicing (43) .
SnoRNP biogenesis in Xenopus laevis oocytes was originally proposed to include a cytoplasmic phase (3) . Later work suggested that snoRNP biogenesis takes place in the nucleus and that the U3 snoRNA was not exported to the cytoplasm (45, 46) . From this it was proposed that snoRNP biogenesis occurs solely in the nucleus. However, it has since been shown that U8 and U22 snoRNAs, injected into the cytoplasm, are imported into the nuclei of Xenopus oocytes (36) . Furthermore, as noted above, the association of PHAX with mammalian U3, U8, and U13 snoRNAs and the complete export complex (i.e., PHAX, cap-binding complex, CRM1, and Ran) with the U3 box C/D snoRNA has recently been shown (5, 52) . This suggested that either the capped mammalian pre-snoRNAs are exported to the cytoplasm or the export factors perform a novel nuclear role in box C/D snoRNP biogenesis. The question of whether nucleocytoplasmic transport of box C/D snoRNAs occurs in mammalian somatic cells had, however, not been addressed directly. In addition, almost all of the work to date analyzing snoRNP transport is based on the injection of RNAs into the cell, and little has been done to study the endogenous, naturally produced complexes. It was therefore important to further investigate the role of nuclear export factors in snoRNP biogenesis. In this paper we show that U8 snoRNP biogenesis involves both nuclear import and export factors and that presnoRNPs are present in both HeLa nuclear and cytoplasmic extracts, suggesting that these complexes undergo nucleocytoplasmic transport.
MATERIALS AND METHODS
Extract preparation and analysis. HeLa nuclear extracts or cytoplasmic extracts were prepared as described previously (7) and fractionated on 10 to 30% glycerol gradients containing 150 mM KCl according to the method of Schneider et al. (41) . As described previously (52) , during this standard extract procedure, the nucleoli, containing the mature snoRNPs, are pelleted along with the cellular debris in the final centrifugation step. Immunoblot and immunoprecipitation analyses were performed as described previously (51) . Antibodies recognizing NOP56, NOP58, TIP48, and the anticap antibodies R1131 and H20 were described previously (4, 21, 51, 53) . TIP49 antibodies were provided by Stuart Maxwell (32) . Fibrillarin antibodies were provided by Michael Pollard. La and hRrp46 antibodies were provided by Ger Pruijn (6, 40) . PHAX antibodies were provided by Iain Mattaj (33) and TGS1 antibodies by Remy Bordonne (50) . CRM1 antibodies were either provided by Achim Dickmanns and Ralf Kehlenbach (18) or purchased from Santa Cruz Biotech. Ran antibodies were purchased from Santa Cruz Biotech. Snurportin1 antibodies were described previously (16) .
siRNA transfection and cell culture. All small interfering RNA (siRNA) duplexes were designed as 21-mers with 3ЈdTdT overhangs (9) . For the Snurportin1 knockdown, siRNA duplexes targeting the sequences CAGACTGATT TCCGATTCTACTG and GAGGTTCCCAGATTGCGTAGCAT in the cDNA (GenBank accession number NM_005701) were used. The siRNAs used for PHAX depletion were described previously (52) . The GL2 siRNA (which targets the firefly luciferase gene) was used as a control (9) . Sixty hours after transfection, cells were fixed and analyzed by in situ hybridization using fluorescent U8 and U2 antisense probes as described previously (13) . The same exposure time was used for each fluorescent probe. Two distinct siRNA duplexes were required for the complete knockdown of PHAX and Snurportin1, as individual duplexes resulted in an incomplete knockdown of the protein. A weak effect on snoRNA localization was observed upon use of the individual siRNA duplexes (data not shown). This effect was strengthened significantly by the combined use of two siRNA duplexes in the knockdown experiments. The differential interference contrast image and the nucleoplasmic signal seen for the U2 snoRNA were both used to make sure that both the nuclear and cytoplasmic compartments were visible and in focus prior to image capture. Image analysis was performed using Axiovision software (Zeiss). A defined region of the nucleoplasm and one of the cytoplasm were selected based on differential interference contrast images (not shown) from 25 to 30 cells and the mean intensity of each area calculated. In order to avoid overexposed areas close to the nucleoli, care was taken to select nucleoplasmic regions in close proximity to the nuclear membrane and as far away from the nucleoli as possible. For nucleolar signals, the whole nucleolar region in each cell was analyzed.
RESULTS
U8 pre-snoRNAs are present in a large, dynamic multiprotein complex in nuclear extracts. Previously, we have characterized the association of both core box C/D snoRNP proteins and biogenesis factors with the precursor and mature form of the U3 snoRNA in nuclear extracts (52) . Analysis of the lowabundance pre-snoRNP complexes was facilitated by the fact that nucleoli, which contain the vast majority of the mature box C/D snoRNPs, were removed during the preparation of nuclear extract according to the method of Dignam et al. (7, 52) . During this work, we noticed multiple U8 snoRNA species in nuclear extracts which we believe represent specific steps in the biogenesis of this complex. As shown in Fig. 1A , polyacrylamide gel electrophoresis and Northern blot analysis revealed a single U8 snoRNA species in RNA derived from whole cells. In contrast, the mature-length U8 snoRNA was largely underrepresented in nuclear extract (excludes nucleolar material), which primarily contains longer forms of the U8 snoRNA (intermediates I through IV) (Fig. 1A) . It is important to note that, due to the low abundance of the pre-snoRNAs present in nuclear extract (about 1% of the total U8 in the cell), about 100ϫ more nuclear RNA than total RNA was loaded. Primer extension revealed a single 5Ј end for the precursor transcripts, indicating that the U8 snoRNAs differ in length of the 3Ј extension (data not shown). The relative lengths of the 3Ј extensions are indicated schematically in Fig. 1B and compared to the downstream sequences of the mouse and Xenopus U8 genes (37) . As with the U3 snoRNA, the human U8 3Ј extension contains U-rich stretches. Based on the position of the 3Ј box in the U8 gene, the sequence element linked to 3Ј processing and transcription termination in small RNA genes, it is likely that intermediate I represents the initial precursor transcript (49) .
We next analyzed the status of the cap on the nucleoplasmic U8 snoRNAs. Antibodies that recognize either the m 3 G cap (R1131) or both the m 7 G and the m 3 G cap (H20) were used to immunoprecipitate RNA isolated from nuclear extract. The immunoprecipitated RNA was then analyzed by Northern hybridization (Fig. 1C) . H20 antibodies precipitated all forms of the U8 snoRNA. The m 3 G-specific R1131 antibodies precipitated the mature-length U8 and a small amount of precursor IV.
We next characterized the various U8 pre-snoRNP complexes present in HeLa nuclear extracts by glycerol gradient centrifugation. The sedimentation behavior of the U8 box C/D snoRNAs in the gradient fractions was analyzed by Northern hybridization. The U8 precursors and the mature-length RNA exhibited different sedimentation behaviors in the glycerol gradient (Fig. 1D) . The two longest intermediates (I and II) sedimented at 12S (see also Fig. 3 for intermediate II) . In contrast, the shortest intermediates (III and IV) sedimented in a broad peak from 12S to 17S, with intermediate IV found predominantly in a 17S peak. Based on the glycerol gradient data as well as immunoprecipitation work (see below), we believe that the broad precursor U8 snoRNA peak is comprised of two complexes sedimenting at 12S (fractions 10 to 14) and 17S (fractions 6 to 11) in the glycerol gradient. The presence of multiple processing intermediates for the U8 pre-snoRNA suggests a more complicated process of U8 3Ј maturation, possibly due to the length or sequence of the initial transcript, which results in the accumulation of more-distinct biogenesis intermediates than were observed for U3 snoRNA (52) . In contrast to the pre-snoRNAs, the mature-length RNA present in the nuclear extract did not clearly resolve on the gradient and was commonly found in the majority of the gradient fractions (see also Fig. 3 ). This could imply that the mature transcript is present in multiple, diverse complexes. Importantly, due to the lack of significant quantities of nucleolar material, the 10S and 80S U8 snoRNP complexes identified by Tyc and Steitz (48) were not detected in our nuclear extracts (52; data not shown).
To further characterize the distinct U8 pre-snoRNA intermediates, we next analyzed the association of a number of biogenesis factors with the U8 snRNP. Individual fractions from glycerol gradients encompassing the U8 snoRNP peak (fractions 8 through 14) were analyzed by immunoprecipitation using a collection of antibodies specific to the core box C/D snoRNP proteins (NOP56, NOP58, and fibrillarin), assembly factors (TIP48 and TIP49), RNA processing components (La, LSm4, and exosome component hRrp46), or nuclear export proteins (PHAX, CRM1, and Ran). The coprecipitated RNAs were analyzed by Northern hybridization.
Antibodies specific to NOP56, NOP58, and fibrillarin each coprecipitated all of the precursor transcripts as well as the mature-length U8 snoRNA present in nuclear extract ( Fig. 2A ; data not shown). In contrast, anti-TIP48, -hRrp46, -LSm4, -PHAX, and -Ran antibodies preferentially coprecipitated intermediates III and IV. Anti-CRM1 antibodies preferentially coprecipitated intermediate IV, although a clear signal for intermediate III was seen reproducibly. Antibodies specific for La and TIP49 coprecipitated only intermediates I and IV, respectively. As a comparison, we also analyzed the coprecipitation of the mature U8 snoRNP present in nucleolar extracts. Importantly, only antibodies specific for the core box C/D proteins, but not the biogenesis factors, coprecipitated the mature U8 snoRNA ( Fig. 2B ; data not shown). This strongly suggests that the biogenesis factors dissociate from the snoRNP prior to nucleolar localization.
Further analysis of the immunoprecipitation data obtained with nuclear extracts ( Fig. 2A) revealed that the proteins are not only differentially associated with the various precursors but also differentially associated with the 12S and 17S U8 FIG. 1. Nuclear extract contains multiple U8 pre-snoRNAs. (A) Northern blot analysis of U8 snoRNAs in RNA isolated from either nuclear extract or total RNA. Note that more nuclear extract RNA (100-fold) than total nuclear RNA was loaded, due to the different amounts of U8 snoRNA in each extract. The four U8 precursor transcripts (I to IV) and mature-length U8 snoRNA (m) are indicated on the left. (B) Comparison of human, mouse, and Xenopus U8 snoRNA 3Ј extension sequences. DNA sequences are aligned with respect to the coding region (white text on black background) and the 3Ј box (gray box). The 3Ј box was identified based on previous works (15, 30, 31) . The 3Ј ends of the human U8 snoRNA precursor transcripts, as derived from RNA analysis, are indicated by arrows at the top of the alignment. (C) Analysis of the cap structure of U8 pre-snoRNAs present in nuclear extract. RNA was isolated from nuclear extract and then immunoprecipitated with antibodies that recognize either an m 3 G cap (R1131) or both an m 7 G and an m 3 G cap structure (H20) or with protein A-Sepharose alone (beads). Precipitated RNAs were then analyzed by polyacrylamide gel electrophoresis and Northern hybridization. The antibodies used are indicated at the top of each lane. Input, 10% of the starting material used for immunoprecipitation. The U8 precursors (I to IV) and mature-length transcript (m) are indicated on the left. (D) Sedimentation behaviors of snoRNPs present in HeLa nuclear extract separated on a 10 to 30% glycerol gradient are shown. RNAs present in each fraction were isolated and separated on an 8% polyacrylamide-7 M urea gel. The sedimentation coefficients of the major snRNP peaks (data not shown) are indicated at the bottom. Fraction numbers are indicated at the top. The U8 snoRNAs were detected by Northern blotting. The U8 precursor (I to IV) and mature-length transcript (m) are indicated. Note that different extracts show differences in the relative levels of the distinct U8 species (cf. Fig. 1D and 3 ). While the same-length U8 species are present in both extracts and each transcript has the same sedimentation behavior in glycerol gradients, the relative levels of precursors I and II and the mature-length RNA vary. The reduced levels of RNA seen with fraction 8 relative to levels of fractions 7 and 9 are due to a slight error in gel loading.
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pre-snoRNP complexes. NOP58, NOP56, fibrillarin, TIP48, LSm4, and PHAX were associated with both the 12S and 17S complexes. TIP49, hRrp46, CRM1, and Ran were found primarily in the 17S U8 pre-snoRNP. Conversely, La was the only protein we have identified that was associated only with the 12S complex. Furthermore, La was associated just with intermediate I, while antibodies against other biogenesis factors present in the 12S complex did not coprecipitate this presnoRNA species. Taken together, this strongly suggests that there are two distinct 12S U8 pre-snoRNP complexes. One complex contains U8 snoRNA intermediate I, La, and the core box C/D proteins. The second complex contains primarily intermediates III and IV and is associated with the core box C/D proteins, LSm proteins, exosome, PHAX, and TIP48. These data clearly indicate that the formation of the U8 snoRNP is a dynamic process involving the specific recruitment and release of a variety of biogenesis factors. It is important to note that fractions 6 and 7 form a part of the 17S peak and that the RNA was associated with the same proteins as that found in fractions 8, 9, 10, and 11 (data not shown). U8 pre-snoRNPs, containing snoRNA precursors III and IV, are present in cytoplasmic extracts. As the U3, U8, and U13 snoRNAs are all associated with RNA export factors (5, 52 ; also this work), we next investigated whether these RNAs are
FIG. 2. (A)
Differential association of proteins with precursor and mature U8 snoRNAs. Nuclear extract was separated on a 10 to 30% glycerol gradient, and the gradient fractions containing the U8 snoRNA (Fig. 1D, fractions 8 through 14) were used for immunoprecipitation with either protein-specific antibodies or control nonimmune serum (NIS). The RNAs precipitated from each fraction were isolated and separated on an 8% polyacrylamide-7 M urea gel and the U8 snoRNA revealed by Northern blotting using a probe specific for the U8 snoRNA. The antibody used is indicated on the right of each panel. The gradient fraction numbers are indicated at the bottom. The sedimentation coefficients of the major snRNP peaks (data not shown) are indicated at the top. The U8 precursors (I to IV) and mature-length transcript (m) are indicated on the left of each panel. Input, RNA derived from 10% of the material used for immunoprecipitation. The asterisk indicates a degradation product that runs faster than the mature-length RNA in the anti-PHAX (␣PHAX)-coprecipitated RNAs, which was seen only in this experiment. (B) Immunoprecipitations were performed using nucleolar extract, and precipitated RNAs were analyzed as described above. Antibodies used are indicated at the top of the panel. Input, RNA derived from nucleolar extract equivalent to 10% of the material used for immunoprecipitation.
VOL. 27, 2007 U8 snoRNP BIOGENESIS 7021 present in the cytoplasm. Cells were fractionated and RNA was isolated from nuclear and cytoplasmic extracts, derived from equivalent numbers of cells. U3, U8, and U13 snoRNAs were detected by polyacrylamide gel electrophoresis and Northern hybridization. Surprisingly, similar levels of U8 and U13 snoRNA were found in both the cytoplasmic and nuclear extracts (Fig. 3A) . As seen previously (Fig. 1) , the four precursors and the mature U8 snoRNA were detected in the nucleoplasmic extracts (Fig.  3A, left) . In contrast, cytoplasmic extract contained almost exclusively U8 precursors III and IV (Fig. 3A, right) . A single U13 pre-snoRNA was observed in nuclear extract, while both the precursor and mature snoRNAs were found in the cytoplasmic extracts. From this, we conclude that while both extracts contain similar amounts of U8 and U13 snoRNAs there are clearly different populations of precursor and mature RNAs in the nucleoplasm and cytoplasm. Our data indicate that approximately 1% of the total RNA for the U8 and U13 snoRNA is present in nuclear and cytoplasmic extracts. In contrast, about fourfold less U3 snoRNA was seen in the cytoplasm than in nuclear extract. Interestingly, the maturelength and pre-U3 snoRNA were present in both the nuclear and cytoplasmic extracts.
To control for leakage during extract preparation, nuclear and cytoplasmic extracts, derived from the same batch of cells, were separated by polyacrylamide gel electrophoresis and analyzed by Northern blotting for major nucleoplasmic and cytoplasmic RNAs. This revealed that the majority (greater than 90%) of the U1, U2, and U6 snRNAs were present in nuclear extracts ( Fig. 3B ; data not shown), while greater than 90% of the 5.8S rRNA was present in the cytoplasmic fraction. It is worth noting that only approximately 1% of snRNAs are found in cytoplasmic extracts and can be seen only with significantly longer exposures. These data therefore indicate that there was no significant leakage of material during the preparation of the cytoplasmic extracts.
We were next interested in characterizing the U8 presnoRNP complexes in cytoplasmic extracts. Nuclear and cytoplasmic extracts were separated by glycerol gradient centrifugation. RNA was isolated from the individual fractions and analyzed by Northern hybridization (Fig. 3C ). As described above, the nuclear U8 snoRNA was found in 12S and 17S complexes in the glycerol gradient. Interestingly, U8 snoRNA precursors III and IV were found in 17S complexes in both the nuclear and cytoplasmic extracts. Precursor IV was also found in a significantly larger cytoplasmic-specific complex that sedimented at 25S. Therefore, the nuclear and cytoplasmic extracts each contain a distinct population of both pre-snoRNAs and pre-snoRNP complexes. Association of import and export factors with the cytoplasmic snoRNPs. The differential sedimentation behaviors of the two cytoplasmic U8 pre-snoRNPs in glycerol gradients suggest that each complex contains a distinct set of proteins. In particular, the larger 25S complex likely contains significantly more proteins than the 17S U8 pre-snoRNP. In order to identify proteins associated with the two distinct complexes, we analyzed fractions corresponding to the 17S and 25S cytoplasmic U8 snoRNP complexes by immunoprecipitation and Northern blotting as described for the nuclear complexes.
This revealed that the core box C/D proteins NOP58 and fibrillarin were associated with both the 17S and 25S cytoplasmic U8 pre-snoRNP complexes (Fig. 4) . Anti-PHAX antibodies coprecipitated 17S but only background levels of 25S U8 pre-snoRNP (Fig. 4) . In contrast, antibodies that recognize CRM1 and Ran coprecipitated only background levels of the U8 pre-snoRNAs present in the 17S or 25S complexes, suggesting that these two proteins were not associated with the cytoplasmic pre-snoRNP. We next tested the association of Snurportin1, the m 3 G cap-binding snRNP import factor, with the cytoplasmic pre-snoRNP complexes. Anti-Snurportin1 antibodies clearly and efficiently coprecipitated the U8 presnoRNA present in the 25S cytoplasmic complex (Fig. 4) . In addition, very low levels of the U8 snoRNA in the 17S complex were coprecipitated by anti-Snurportin1 antibodies. Therefore, PHAX and Snurportin1 are differentially associated with the two U8 pre-snoRNP complexes present in cytoplasmic extracts. Taken together, these data suggest that the U8 presnoRNPs present in cytoplasmic extracts have undergone nuclear export. If this is the case, Snurportin1 likely functions in the reimport of these complexes into the nucleus.
The association of m 3 G cap-binding protein Snurportin1 with the 25S complex suggested that intermediate IV in the 25S complex contains an m 3 G cap. To investigate this, RNA isolated from 17S and 25S cytoplasmic complexes was immunoprecipitated with antibodies that recognize either the m 3 G cap (R1131) or both m 7 G and m 3 G caps (H20) and analyzed by Northern hybridization. The H20 antibodies precipitated the RNAs present in both complexes (Fig. 4) . In contrast, the m 3 G-specific R1131 antibodies precipitated only precursor IV from the 25S complex (Fig. 4) . This implies that cap hypermethylation occurs in the cytoplasm directly after the release of the export factors and coincides with the recruitment of Snurportin1.
Loss of PHAX and Snurportin1 results in the incorrect localization of the U8 snoRNA. We next used RNA interference to specifically deplete Snurportin1 and PHAX in order to investigate the effect of the loss of these proteins on U8 snoRNP localization in vivo. HeLa cells were transfected with siRNAs, and after 60 h of incubation, cells were fixed and analyzed by fluorescence in situ hybridization using probes specific for the U8 snoRNA and the U2 snRNA. Specific depletion of the individual proteins was monitored by Western blot analysis (52) (Fig. 5A) . As a control, cells were transfected with the functional duplex GL2 (targets transcripts derived from the firefly luciferase gene), which does not affect snoRNP biogenesis (52) .
The majority of the U8 snoRNA was found primarily in the nucleolus (Fig. 5B) and localized primarily to the dense fibrillar component, as described previously (23), in the control and knockdown cells. We and others have shown previously that PHAX is essential for maintaining snoRNA levels (5, 52) . The reduction in nucleolar signal upon knockdown of PHAX is consistent with our previous observation (52) (Fig. 5C ). Loss of Snurportin1 had no effect on the levels of the U3 and U8 snoRNAs (data not shown). Longer-exposure images of this experiment revealed that depletion of PHAX resulted in the accumulation of the U8 snoRNA in the nucleoplasm but not in the cytoplasm (Fig. 5D ). This is consistent with the earlier observation that loss of PHAX resulted in the accumulation of the box C/D proteins NOP58 and fibrillarin in the nucleoplasm (20) . In contrast, knockdown of Snurportin1 resulted in a significant increase in U8 snoRNA levels in the cytoplasm, nucleoplasm, and Cajal bodies relative to levels in the control cells. Quantitation of these data showed that depletion of PHAX resulted in an approximately threefold increase in the FIG. 4 . Differential association of nuclear export and import factors with cytoplasmic U8 pre-snoRNPs. (A) Cytoplasmic extract was separated on a 10 to 30% glycerol gradient, and the gradient fractions containing the 17S and 25S U8 pre-snoRNP (Fig. 3) were used for immunoprecipitation with either protein-specific antibodies (␣NOP58, anti-NOP58) or control nonimmune serum (NIS). The RNAs precipitated from each complex were isolated and separated on an 8% polyacrylamide-7 M urea gel, and the U8 snoRNA was revealed by Northern blotting. Input, 10% of the material used for immunoprecipitation. (B) Analysis of the cap structure of the cytoplasmic U8 pre-snoRNAs. RNA was isolated from the 17S or 25S U8 pre-snoRNP peak fractions and then immunoprecipitated with antibodies that recognize either an m 3 G cap (R1131) or both an m 7 G and m 3 G cap structure (H20) or with protein A-Sepharose alone (beads). Precipitated RNAs were then analyzed by Northern hybridization. The antibody and complex (17S or 25S) used are indicated above each lane. The U8 precursors (III and IV) are indicated on the right. Input, RNA derived from 10% of the material used for immunoprecipitation.
VOL. 27, 2007 U8 snoRNP BIOGENESIS 7023 average intensity of the nucleoplasmic U8 snoRNA relative to that for the control cells (Fig. 5E ). It is important to note that care was taken to ensure that the nuclear and cytoplasmic regions measured were not overexposed. Knockdown of Snurportin1 resulted in twofold and fourfold increases in the average nuclear and cytoplasmic U8 snoRNA levels, respectively. This therefore suggests that PHAX and Snurportin1 are important for the correct subcellular localization of the U8 snoRNA. Importantly, the levels of incorrectly localized snoRNP are consistent with the effects seen upon depletion of the core protein fibrillarin on U3 and U8 localization (25; data not shown) and the loss of PHAX on NOP58 and fibrillarin localization (20) . In comparison, knockdown of Snurportin1 and PHAX had no effect on the nucleocytoplasmic distribution of the U2 snRNA. Indeed, loss of Snurportin1 had no effect on the nucleocytoplasmic distribution of any of the snRNAs tested. Two distinct import adaptors mediate spliceosomal snRNP import (55) , suggesting that Snurportin1 functions as part of a redundant mechanism. In PHAX knockdown cells, the observed change in subnuclear distribution of the U2 snRNA (Fig. 5B) is consistent with the block in snRNP biogenesis and the loss of Cajal bodies, as previously described (20) .
DISCUSSION
Nuclear U8 pre-snoRNP complexes. We have characterized native U8 box C/D pre-snoRNP complexes present in extracts A longer exposure of the U8 snoRNA signal, needed to visualize nucleoplasmic and cytoplasmic U8 snoRNA signals, is shown in panel D. The protein targeted is indicated at the top. For each set of cells, the top, middle, and bottom rows of panels show the U8 snoRNA, the U2 snRNA, and an overlay of the two individual images, respectively. The mean levels of U8 snoRNA in the nucleolus (C), nucleoplasm (Np) (E), and cytoplasm (Cy) (E) from control and knockdown cells are represented graphically. The data shown for each knockdown represent the averages of levels derived from 25 to 30 cells. When selecting nucleoplasmic regions for quantitation, care was taken to pick areas close to the nuclear membrane and as far away from the nucleolus as possible to avoid the nucleolar signal. The horizontal axis, in each case, denotes the protein targeted. The vertical axis denotes the mean fluorescent intensity.
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derived from HeLa cells in order to investigate the biogenesis of this essential RNP. The four distinct U8 pre-snoRNAs present in nuclear extracts possess 4-to 23-nucleotide 3Ј extensions and likely represent 3Ј processing intermediates. The U8 pre-snoRNPs were associated both with the mature snoRNP proteins and with a diverse range of factors involved in snoRNP assembly (TIP48 and TIP49), pre-snoRNA processing (La, LSm4, and hRrp46), and nuclear export (PHAX, CRM1, and Ran). The association of these proteins with the nucleoplasmic but not the mature nucleolar complexes suggests that they dissociate prior to nucleolar localization. Based on this work and on our previous analysis of the U3 snoRNP, we believe that nuclear extract contains snoRNP biogenesis intermediates.
Glycerol gradient analysis of complexes in nuclear extract, coupled with immunoprecipitation analysis, revealed three distinct U8 pre-snoRNP complexes in nuclear extracts, indicating the dynamic nature of U8 snoRNP biogenesis. Our data indicate that the biogenesis of both U3 and U8, and presumably that of other box C/D snoRNPs, is a dynamic process mediated by large pre-snoRNP complexes. The distinct U8 precursors provide further resolution of the various stages of snoRNP biogenesis. La is associated primarily with the longer, initial transcript (intermediate I), while factors such as LSm4, hRrp46, PHAX, and TIP48 are preferentially bound to intermediates III and IV ( Fig. 2A) . NOP56, NOP58, and fibrillarin are associated with the initial pre-snoRNA transcript (intermediate I), indicating that the core snoRNP factors are recruited very early in the biogenesis pathway. The association of hRrp46 indicates that the exosome is stably associated with the U8 pre-snoRNP during biogenesis. The multiple precursors suggest either that the U8 pre-snoRNA is processed by more than one exonuclease activity or that the sequence of the 3Ј extension may determine the kinetics of 3Ј processing, i.e., in a single step or via multiple intermediate stages.
Two distinct U8 snoRNP complexes, which separated at 12S and 17S, were clearly separable by glycerol gradient centrifugation. Immunoprecipitation analysis revealed that CRM1 and Ran were preferentially associated with the 17S complex. In contrast, PHAX was associated with both the 12S and 17S nuclear U8 pre-snoRNP complexes, indicating that this export factor binds before CRM1 and Ran. The stepwise recruitment of the export factors in the nucleoplasmic extracts was observed previously for the U3 pre-snoRNP (5, 52) and is consistent with the previously reported assembly of m 7 G-capped small RNA export complexes (33) .
U8 pre-snoRNPs in cytoplasmic extracts. U8 pre-snoRNPs were found in cytoplasmic extracts at levels comparable to those found in nuclear extracts. Two distinct U8 pre-snoRNPs, namely, a 17S complex (containing intermediates III and IV) and a 25S complex specific to the cytoplasmic extracts that contained just intermediate IV, were present in the cytoplasm. Immunoprecipitation revealed that both complexes present in the cytoplasmic extracts were associated with the core box C/D proteins. However, neither cytoplasmic complex was associated with CRM1 or Ran. Interestingly, PHAX was bound to the 17S cytoplasmic complex while the 25S cytoplasmic-specific complex was associated with the m 3 G cap-binding import factor Snurportin1, consistent with the fact that the U8 presnoRNA present in this complex contains an m 3 G cap. Indeed, this is the first time that the nuclear import factor Snurportin1 has been shown to be involved in box C/D snoRNP biogenesis.
Comparison of the processing statuses of the U8 pre-snoRNAs in the two complexes present in cytoplasmic extracts suggested that the 25S complex, which contains an m 3 G cap and just intermediate IV, occurs later in the biogenesis pathway than the 17S complex with the m 7 G cap and mixture of intermediate IV and the longer intermediate III. This therefore implies that cap hypermethylation coincides with the release of PHAX and that presumably the cap-binding complex would make the cap available for modification by the cap hypermethyltransferase TGS1. Unfortunately, due to the lack of suitable antibodies we were unable to test this. In addition, this suggests that recruitment of the import factor Snurportin1, which likely binds the recently hypermodified cap structure, occurs after release of export factors.
We have found a distinct population of pre-snoRNAs and pre-snoRNP complexes in nuclear and cytoplasmic extracts. Importantly, no significant leakage of similarly sized RNP complexes from the nucleus when preparing the cytoplasmic extract was observed. While we cannot completely rule out the possibility of selective nuclear leakage during extract preparation, our data lead us to suggest that these complexes are naturally present in the cytoplasm. The biochemical data presented here for the U8 snoRNP show strong similarities with the export and subsequent import of the spliceosomal snRNPs (see the introduction). In particular, the stepwise assembly and disassembly of the export factors on the pre-snoRNP complex are almost identical to those seen with the snRNPs. Therefore, given the involvement of nuclear import and export factors in box C/D snoRNP biogenesis our interpretation of these data is that the U8 pre-snoRNP is exported to the cytoplasm during the biogenesis pathway. Indeed, it is likely that the 17S cytoplasmic complex represents the recently exported particle (note the similarity in size to that of the nuclear complex primed for export), while the 25S complex corresponds to a complex that has undergone RNA maturation, has bound the import factor Snurportin1, and is ready for reimport into the nucleus.
RNA interference-mediated knockdown of Snurportin1 resulted in the accumulation of U8 snoRNA in the nucleoplasm and cytoplasm. Conversely, loss of PHAX caused the accumulation of U8 in the nucleoplasm but not the cytoplasm. This implies that these two proteins are important for the correct localization of the U8 snoRNP. While this approach does not directly test the function of the two proteins in nucleocytoplasmic transport, the data are consistent with the potential import and export roles for Snurportin1 and PHAX. Furthermore, the fact that we observe cytoplasmic accumulation of U8 snoRNA upon loss of Snurportin1 is consistent with a cytoplasmic phase to box C/D snoRNP biogenesis. The effect on snoRNA localization observed with these knockdowns is consistent with earlier work analyzing the role of PHAX in Cajal body maintenance (20) . In this earlier work, both fibrillarin and NOP58 were shown to accumulate in the nucleoplasm upon the loss of PHAX. In addition, previous work has emphasized the importance of PHAX in maintaining box C/D snoRNA levels (5, 52) . Furthermore, the levels of the effects on snoRNA localization seen upon depletion of either PHAX or Snurportin1 are consistent with that seen upon U3 and U8 localization upon the VOL. 27, 2007 U8 snoRNP BIOGENESIS 7025 loss of the core box C/D protein fibrillarin (25; data not shown), supporting our proposal that the transport factors are important for snoRNA localization. Our analysis has shown that Snurportin1 is not essential for cell growth (data not shown) or snRNA localization (Fig. 5) , consistent with the fact that this protein forms part of a redundant snRNP nuclear import mechanism. The accumulation of some but not all of the U8 snoRNA in the cytoplasm upon loss of Snurportin1 suggests that this protein may form part of a redundant import system for box C/D snoRNPs. Interestingly, the fact that we observe the nucleoplasmic accumulation of the U8 snoRNA in Snurportin1 knockdown cells also suggests a role for this protein in snoRNP biogenesis in the nucleus. Indeed, it is also possible that this protein could associate with the box C/D snoRNPs in the nucleoplasm. Snurportin1 has been linked to Cajal body localization of snRNPs (35) and could also play a role in subnuclear localization of snoRNPs. Our analysis of the human U8 snoRNP in somatic cells has led us to suggest that this complex is exported to the cytoplasm during biogenesis. It was originally proposed that the U3 snoRNA undergoes nucleocytoplasmic transport in Xenopus oocytes (3) . There are also many reports that box C/D snoRNAs are imported and exported from the nucleus in a variety of cell types, including both Xenopus oocytes and mammalian somatic cells (1, 3, 11, 26, 27, 36, 38, 39, 42) . However, work with Xenopus oocytes has also suggested that these complexes do not leave the nucleus (45, 46) and are incapable of being imported into the nucleus (44) . Two papers have described the localization of fluorescent m 7 G-capped snoRNAs injected into mammalian cells (5, 17) . The snoRNAs were not observed to accumulate in the cytoplasm. However, since nuclear localization occurs in less than 20 s, it is clear that this assay is not suitable to detect a cytoplasmic phase (17) . Our data suggest that the box C/D snoRNAs are exported to the cytoplasm during biogenesis. However, there are other normal situations during which these complexes may traverse the nuclear membrane. During serum starvation or at the end of mitosis, box C/D snoRNPs are exported from or imported into the nucleus, respectively (1, 42) . The cells used to generate the extracts used in the current work were growing exponentially when harvested. The box C/D snoRNAs present in our cytoplasmic extracts could originate from cells undergoing mitosis. However, the cytoplasmic material contained significant levels of longer, precursor forms of the snoRNAs. If this material was derived from M-phase cells, this would suggest that a large proportion of the box C/D snoRNAs are modified during mitosis. Analysis of box C/D snoRNAs in M-phase cells revealed no significant increase in U3 and U8 pre-snoRNA levels or alterations to the snoRNA length (data not shown). This suggests that the snoRNAs present in our cytoplasmic extracts are not derived from mitotic cells and are therefore likely presnoRNAs that are intermediates in the snoRNP biogenesis pathway. However, based on our data we cannot rule out the possibility that, as previously proposed (5), the nuclear export factors have a novel nuclear function independent of nuclear export.
Leptomycin B (CRM1 export inhibitor) treatment of HeLa cells did not inhibit cap hypermethylation of the U3 snoRNA but did block the modification of HeLa snRNAs (5) . All of the components necessary for RNA modification/processing (core proteins, TGS1, and exosome) are associated with the presnoRNP complex already in the nucleoplasm (52; also this work). Conversely, the snRNAs require nuclear export to associate with the SMN complex and the Sm proteins, components essential to the recruitment of TGS1 and the 3Ј processing of the snRNA (55) . By blocking CRM1 binding, leptomycin B could conceivably cause the dissociation of the other export factors from the box C/D snoRNP, thereby enabling nuclear maturation of these RNAs.
The U3, U8, and U13 pre-snoRNPs are each associated with nuclear export factors (5, 52 ; also this work and data not shown), and we find all three pre-snoRNPs in cytoplasmic extracts. If our interpretation is correct, this suggests that nuclear export may be a common aspect of m 3 G-capped box C/D snoRNP biogenesis. The intronic box C/D snoRNAs contain only a 5Ј cap as part of a long pre-mRNA, a feature that would normally preclude the recruitment of PHAX (34) . However, PHAX is important for intronic U14 box C/D snoRNA accumulation (5, 52) , suggesting that this protein is recruited at some point during biogenesis by an alternative mechanism. However, further work is required to determine whether intronic box C/D snoRNP biogenesis involves nucleocytoplasmic transport.
